, and subsetion. Thus it appears that in Loligo, as well as in the quently verified in a diverse variety of organisms, A→I mammalian brain, A→I editing affects the machinery for conversion appears to be ubiquitous among metazoans impulse propagation. Further, the high incidences of (Polson et al., 1991) . Based on the abundance of inosine editing in the examples noted above suggest that A→I in mRNAs, it has been suggested that a surprisingly conversion is a particularly robust process in invertelarge percentage of brain mRNAs may be edited (Paul brates. and Bass, 1998) . In spite of this, few specific substrates The selection of K ϩ channel mRNAs as a target for for A→I conversion have thus far been identified, and editing in squid brain is particularly interesting in light of the functional consequences of editing are understood the many critical functions that these proteins regulate in only a handful of these cases. At present, the biologi- (Pongs, 1999) . A neuron's resting potential, firing threshcal significance of editing is uncertain. Is the primary old, firing frequency, as well as the rate of action potenpurpose of RNA editing to expand an organism's genotial repolarization, are all regulated by K ϩ channels. Voltmic repertoire? Are editing sites selected on the basis of age-dependent K ϩ channel ␣ subunits of the K v 1-4 an individual protein's function, or do they affect diverse families form tetrameric proteins (MacKinnon, 1991) proteins in common ways? Answers to these questions which open a K ϩ -selective pore in response to depolarrequire diverse examples of how editing regulates proization. In these channels, the mechanisms for voltage tein function.
sensing (Bezanilla, 2000) using squid genomic DNA as template. Amplifications has been implicated as the major channel responsible using primers that spanned the putative intron site were for action potential repolarization in this system (Rosenunsuccessful. However, amplifications using primer thal et al., 1996, 1997). Interestingly, significant levels pairs on either side of this site were successful and of A or G variation between individual SqK v 1.1A cDNAs yielded products of the size predicted from the cDNA were identified (Rosenthal et al., 1997) . We decided to sequence. In fact, after nt 36, the entire coding sequence examine whether SqK v 1.1A mRNAs were edited as well could be isolated from a single amplification and conas those for SqK v 2 because the giant axon system offers tained no introns. The exact position of the SqK v 1.1 numerous practical advantages for studying how molecintron was verified by cloning its 5Ј and 3Ј ends ( Southern blots of squid genomic DNA were performed In the present work, we report that the molecular basis to determine the SqK v 1.1 copy number ( Figure 1C) . A of g K in this system is substantially more complex. Exten-32 P-labeled SqK v 1.1 DNA probe was synthesized from sive editing of the SqK v 1.1A mRNA yields a variety of ␣ an exon 2 restriction fragment which included most of subunits with altered biophysical properties. A novel the channel's core. Blots using squid genomic DNA cut finding is that numerous editing sites are clustered in by restriction enzymes with sites at known positions in sequence encoding the T1 domain, an area not prethe SqK v 1.1A cDNA, or within the intron identified above, viously thought to be a target for channel regulation.
yielded single bands of the predicted size (Figure 1Ci ). Selective editing of these sites modifies the channel's This verified the finding that this gene contains a single ability to oligomerize, and, as a consequence, regulates intron. Further, blots were carried out using enzymes total potassium conductance. Taken together, these edthat do not cut within SqK v 1.1A (Figure 1Cii ). Because iting events provide a potent mechanism for regulating untranslated regions flanking a gene are generally highly total potassium conductance over a considerable voltvariable, restriction enzyme sites would not be expected age range.
to be preserved between different gene copies. Therefore, the presence of multiple SqK v 1.1 genes should be Results revealed by multiple bands on the blot in Figure 1Cii . However, for each of the four enzymes tested, a single Genomic Structure and Copy Number of SqK v 1.1 band was evident. These results suggest that a single In a previous study (Rosenthal et al., 1997) , four related gene underlies SqK v 1.1A. squid K v 1 family cDNAs were compared on a molecular
The genomically encoded sequence for the entire level (SqK v 1.1A-D). These clones were highly similar coding region of the SqK v 1.1 locus (Figure 3) , SqK v 1.1G, throughout their core and 3Ј ends, but diverged comwas derived from the experiments described above and pletely at their 5Ј ends. A close inspection of the core, verified repeatedly by the editing assay described in the however, revealed 10 positions with A or G variability. following section. Although highly similar to SqK v 1.1A, Sequence analysis of multiple cDNA clones from SqK v 1.1G differed at 9 positions (nt 107, 127, 259, 418, SqK v 1.1A and B revealed further A or G variability within 523, 535, 766, 780, and 1129). At each position, SqK v 1.1G each class. Based on these findings, it was hypothehad an A and SqK v 1.1A had a G. These sequences, sized that the divergent 5Ј ends were due to alternative however, were derived from different individuals and splicing, and the A or G variability was due to RNA therefore population-level genetic variation was still an editing. However, alternative explanations were plausialternative explanation to RNA editing. In addition, if ble. Both differences could be explained by multiple, editing was in fact occurring, the SqK v 1.1A cDNA first closely related genes. In addition, because the cDNA identified was not necessarily edited at all possible sites. library used in the study was constructed by pooling To specifically address these questions, we developed tissue from several hundred squid, population-level varia direct sequencing RNA editing assay. ation was an additional concern. Therefore, to determine whether A or G variability was indeed due to RNA editing, A Direct Sequencing RNA Editing Assay these questions had to be addressed. To answer both Our assay was developed for two purposes: (1) to identify editing sites and (2) to estimate the editing frequency questions, it was necessary to isolate the genomic se- at these sites. Moreover, because only a tiny amount of bands was Ϯ11% on average (n ϭ 5). However, the relative intensity of each specific band was remarkably giant fiber lobe (giant axon somata) RNA can be isolated from a single squid, the assay had to be sensitive. To constant between reactions. Each bar in Figure 2B marks the intensity of an indicated band relative to the meet all of these requirements, cycle sequencing, using 33 P-labeled ddNTPs (Thermo Sequenase Radiolabeled average intensity of all eight bands for one reaction: clearly the relative intensity of each band is very consisTerminator Cycle Sequencing Kit, Amersham) was employed. This chemistry not only was sensitive enough tent between different reactions. The relative intensities for band 1, the least consistent of the eight, varies to identify low abundance editing events, but it also could be used to estimate frequencies because it proby Ϯ4.7% (SEM, n ϭ 5) whereas the relative intensities of band 5, the most consistent, varies by Ϯ2.2% (SEM, duces even and consistent band intensities on a sequencing gel. Because this approach to identifying editn ϭ 5). On average, the variability of relative intensities for the eight bands shown is Ϯ2.9% (SEM); this systeming sites has not been previously reported, its utility is demonstrated in detail in Figure 2 . Figure 2A shows eight atic error is a measure of the precision of the assay and was considered in all subsequent analysis. consecutive bands in a 33 P-ddGTP terminator reaction (G lane) from the sequence of a SqK v 1.1G template.
In Figures 2C and 2D , the accuracy of our assay for determining the frequency of editing at a site is tested A casual inspection of the bands indicates that their intensities are fairly even. This sequencing reaction was by characterizing the quantitative relationship between a band's intensity and template's abundance. Figure 2C repeated five times and the resulting bands were analyzed on a phosphorimager. In a single reaction, the shows sequence which has been amplified from two closely related clones. These clones differ at position standard deviation (SD) of the intensities of all eight 1, where the "genomic" clone has an A and the "cDNA" PCR amplification of the entire coding region of SqK v 1.1. Oligonucleotide primers were then used to sequence clone has a G. The ratio of band 1 to band 2, or of band 1 to band 3, was then calculated for the genomic A both PCR products as described above. At 14 sites where the genomic DNA sequence contained only an reaction and the cDNA G reaction. In the right panel of Figure 2C , the genomic and cDNA clones were mixed A, the cDNA sequence gave evidence of a G. There were no other discrepancies between the sequences. sidering their comparatively small combined effect. The I387V edit, while having no effect on the g-V relationship, slowed the off -V relationship significantly ( Figure 4E ).
The Effects of T1 RNA Editing Sites on Voltage Sensitivity and Closing Kinetics
Editing sites in the channel's T1 domain were studied in the same manner as described above. First, all T1 edits (M35V, Y36C, I43V, N45S, R87G, K132E) were introduced into the SqK v 1.1G background simultaneously. This construct failed to express detectable currents. Edits were then introduced individually. Of these, SqK v 1.1G N45S (filled squares) and SqK v 1.1G K132E (open triangles) produced channels whose functional properties were significantly different than those of SqK v 1.1G ( Figure 5A ). Both constructs begin to activate at more depolarized potentials than the unedited channel, and the entire g-V relationship is shifted rightward along the voltage axis. Depending on the voltage, the magnitude of this shift varied from 10-20 mV. Channel closing kinetics were also made faster by both T1 mutations ( Figure 5B ). For other T1 edits (except SqK v 1.1G R87G), these properties were not statistically different. Functional properties of SqK v 1.1G R87G were not examined in detail because the expression level of this construct was too low to permit high quality measurements.
The Effects of RNA Editing Sites in the T1 Domain on Functional Expression
Several T1 edits affected functional expression levels. In Figure 5C , g K was monitored for 4 days following cRNA injection using a 2-electrode voltage clamp. For all channel constructs, g K rose rapidly for the first 2 days and then leveled off. Expression levels for the channel constructs M35V, I43V, N45S, and K132R were not statistically different than for SqK v 1.1G (not shown). The edits Y36C, R87G, K132E, and K132G, on the other hand, reduce functional expression. In the case of R87G, the reduction is dramatic: expression levels for this construct are only 3% that of SqK v 1.1G (average for 4 days). For the other constructs, the reduction of maximal g K was intermediate. Expression levels for Y36C, K132G, and K132E channels are 64%, 66%, and 32% that of SqK v 1.1G, respectively. Because expression levels can be strongly influenced by the cRNA sample's integrity, cRNAs were resynthesized from freshly isolated plasmid DNA and the experiment was repeated using oocytes from a different frog (data not shown). In this experiment, overall expression levels were greater for each channel; however, the relative expression levels were similar to those described in the first experiment (61%, 58%, 33%, and 2% that of SqK v 1.1G for Y36C, K132G, K132E, and R87G, respectively). ing assay products run on a polyacrylamide gel. In this case, the basic T1 probe construct (unedited; T1-G) was A "probe" was synthesized by cleaving target construct with thrombin and radiolabeling it with 32 P at the kinase allowed to bind to a variety of his-tagged target proteins. The basic T1 target (unedited; T1-G) clearly yields a sites. The binding assay consisted of three steps (Figures 6Ai-6Aiii) . First, the target was bound to Ni-NTA robust band (lane 1). As negative controls, three separate fusion proteins yield only background binding (lanes magnetic beads through its polyhistidine tag ( Figure  6Ai Figure 6B shows an autoradiograph from several bindextremely large target to probe ratio. Interestingly, the 
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T1-E target, which was edited at all T1 editing sites, Sucrose Gradients to Measure Relative Oligomerization between T1-G and T1-G R87G yielded no signal above background (lane 8). Figure 6C
Mechanistic interpretations based on our binding assay shows a coomasie blue stain of the same gel which results are complicated by the fact that both target and produced the autoradiogram shown in Figure 6B . This probe may bind to themselves. Consequently, before verifies that approximately equal amounts of the target the probe and target are mixed, they may already be protein were bound to the magnetic beads in each bindpresent in an equilibrium between monomer, dimer, triing assay. mer, and tetramer. Thus, the differences in binding iden- Figure 6D shows the results from a binding assay tified above could arise from different causes. For examusing identical target and probe constructs. In this case, ple, the reduction in the R87G signal could be due to the products were counted in a liquid scintillation a relatively low binding affinity. Conversely, the R87G counter instead of being run on a gel. Targets that lacked construct could bind with a very high affinity to itself an entire T1 domain, as well as the no target control, and to other T1 constructs. In this case, very little R87G all yielded a relatively small signal ‫005,2ف(‬ CPM). This probe would be available in the assay, resulting in a low level was considered nonspecific background. By consignal. To distinguish between these possibilities, both trast, the T1-G assay produced a robust signal of almost the T1-G and the T1-G R87G fusion proteins were ana-40,000 CPM. As with the gel analysis, this level was lyzed by ultracentrifugation on sucrose density grareduced by either using less target or by the addition dients. of cold probe as blocker. Again, the fully edited T1's Fusion protein samples were mixed with four molecusignal (T1-E) was indistinguishable from background. lar weight standards (known monomers), layered onto To test for changes in T1 association due to editing, sucrose gradients, and subjected to ultracentrifugation. our binding assay was extended to fusion proteins that Fractions were collected from ultracentrifuge tube's botcontained single editing sites. These mutations (except tom, and a portion of each was run on SDS-PAGE gel. for Y36C; see Experimental Procedures) were intro- Figure 7A presents an example of an experiment using duced into both probes and targets and all probe-target the T1-G fusion protein. As expected, the molecular combinations were then tested. Table 1 presents the weight standards migrate in the gradient according to results from these experiments. Different trials were northeir mass, with the largest proteins appearing in the malized by calculating the ng of probe bound per assay. earliest fractions. Bovine serum albumin (BSA), at 66 In general, ‫3-5.1ف‬ ng of probe was bound. However, kDa, is detectable in the first fraction and peaks in ‫ف‬frac-there were notable exceptions. Assays that contained tion 6. On the other hand, cytochrome B (CB), at 12 kDa, the fully edited T1-E construct, whether probe or target, does not appear until fraction 8 and peaks at about showed no binding. The R87G edit alone yielded a fraction 11. The T1-G monomer has a molecular weight strong, negative effect. Using the R87G fusion construct of 20.2 kDa. If not self-associated into higher molecular as probe, no binding was detected. As a target, however, weight forms, it would be expected to peak between binding was evident, but at a greatly reduced level. Edits CB and carbonic anyhdrase (CA; 29 kDa). This is clearly N45S and K132R also reduced binding, although to a not the case. The T1-G signal appears in early fractions much less dramatic degree. Position 132 has an interestand is spread over a large portion of the gradient. The ing effect on binding when combined with the R87G gel data was then quantified, and each band's fractional edit. In general, most probe constructs bind poorly to intensity was plotted against it's gradient fraction (Figthe R87G target (0.11-0.17 ng) . However, this amount ure 7B). The signals for the standards form sharp peaks can be significantly augmented by editing at position whose positions are determined by their molecular 132. In fact, the K132G edit increases the R87G signal weights. The T1-G signal, however, is broad and cen-‫-4ف‬fold. These results demonstrate that several editing tered between 29 kDa and 45 kDa, indicating that T1-G sites can affect T1 binding in our assay. However, of is partially associated into multimers. Furthermore, althe sites that affect expression level, only R87G appears though it appears likely that the majority of T1-G proteins are present as either monomers or dimers, a small porto alter T1 binding. other residues. Perhaps editing position 87 disrupts bonding at position 86 or at other, more distant interacGenomic Southern blot data, and the fact that no nucleotide sequence variability was ever encountered using tion points. It is also possible that the squid T1 structure differs from that of Aplysia, and position 87 has a large genomic DNA as a PCR template, both argue strongly against the possibility that our data result from the prescontribution to intersubunit bonding. The expression level reduction due to R87G may also result from subtle higher expression levels in oocytes than those containing the R87G edit alone. Experiments are presently subunit misfolding during biogenesis. Indeed, misfolding and reduced T1 binding may be related. Several being designed to examine the expression levels of heteromultimers containing these edits on different subexamples exist where surface expression is greatly reduced by T1 mutations which influence proper protein units Our RNA editing assay consisted of four steps: (1) isolate genomic PCR to Test for the Presence of an Intron DNA and Giant Fiber Lobe (GFL) total RNA from an individual squid, The prediction that an intron was present in SqK v 1.1A genomic DNA (2) make cDNA from the total RNA, (3) amplify SqK v 1.1 from both between nt 35-36 was supported by several PCR trials using squid sources, (4) directly sequence both products using 33 P-labeled genomic DNA as template and primers that spanned this position. ddNTPs. Genomic DNA was isolated from a small piece of mantle Amplifications using sense primers JR41, JR16, SKC 8, or JR20 and tissue using Genomic-tip 20/G columns (Qiagen) according to the antisense primers JR4, JR58, JR59, or JR21, in any combination, suggested protocol. Total RNA was isolated from single giant fiber were unsuccessful (see Table 2 for the position and sequence of lobes (GFL). The GFL was homogenized in 800 ul of RNAzol B (AMS all oligonucleotides). However, amplifications using primer pairs on Biotechnology, Oxon, UK) in a frosted glass homogenizer. The RNA either side of the putative intron were successful and yielded prodwas then isolated according to the supplied instructions. As a caructs of the size predicted from the cDNA sequence. An amplification rier, 5 g of glycogen was added prior to the isopropanol precipitausing sense primer JR1, which is on the 3Ј side of this position, and tion. RNA was treated with DNaseI (BRL). The RNA pellet was resusantisense primer JR21, which is in the 3Ј utr yielded a product (p1-pended in 10 ul 1 mM EDTA, and split evenly into two tubes. The 21) of the expected size. This clone contained nearly the entire contents of one tube were then used as template for first strand SqK v 1.1A coding sequence and had no introns.
cDNA synthesis using a Superscript reverse transcriptase kit (Bethesda Research Laboratories) according to the supplied instructions (Oligo dT was used as a primer; RNaseH tratment step Inverse PCR The 5Ј side of the intron was isolated by inverse PCR (Triglia et al., included). The second tube of RNA was used as a no reverse transcript control to test for genomic DNA contamination. 1988) from circularized Sau3A fragments of squid genomic DNA using the primer pair JR36 and JR41 ( Figure 1A) . For a single reacEither 1/5 th the cDNA synthesis reaction, or 200 ng of genomic DNA, was used as a template to amplify SqK v 1.1 using Pfu DNA tion, 200 ng of genomic DNA was digested to completion with Sau3A (New England Biolabs). To make circular DNA, samples, at a concenpolymerase (Stratagene). For genomic DNA, primers JR41 and JR50 were used to amplify exon 1, and JR20 and JR21 were used to tration of 5 ng/l, were ligated with T4 DNA ligase (New England Biolabs) at 15ЊC overnight. Samples were then amplified using Pfu amplify exon 2. For cDNA, primers JR16 and JR4 were used to amplify sequence encoded by exon 1, and JR21 and JR22 were DNA polymerase (Stratagene). Initial amplification products were used to amplify sequence encoded by exon 2. PCR amplification holding potential of Ϫ80 mV. The instantaneous current magnitude (outward current ϩ |tail current|) at 25 ms was then divided by the used 35 cycles. Each cycle consisted of 45 s of denaturation at 95ЊC, 45 s of annealing at 63ЊC, and 3 min of extension at 72ЊC. instantaneous change in voltage. Efforts were made to select the smallest current record that was still in the nearly saturated range The PCR reaction contained 500 nM of each primer, template as indicated above, 250 M dNTPs, and 2.5 units Pfu in a total volume of the conductance versus voltage relationship (V m Ն 30 mV). In spite of this, series resistance errors were significant for constructs of 25 l. Products were gel purified with spin columns (Qiagen) and eluted into 30 l water. Three microliters was then used as template that expressed at high levels (e.g., SqK v 1.1G). Expression levels for these constructs were undoubtedly much higher than those refor direct sequencing using a Thermo Sequenase 33 P-Radiolabeled Terminator Cycle Sequencing Kit (Amersham) according to instrucported. These errors, however, in no way affect our conclusions. tions. Sequencing primers were made at 100 bp intervals along the SqK v 1.1 sequence. Reaction products were loaded onto a 6%
Generation of Fusion Proteins sequencing gel and run at 60 W using a glycerol tolerant running All fusion proteins were made in the pET 15B expression vector buffer (90 mM Tris, 29 mM taurine, 1 mM ethylenediaminetetracetic (Novagen). For T1-G, oligonucleotide primers JR72 and JR73 were acid). After running, gels were dried and read on a phosphorimager. used to amplify nt 49-466 of SqK v 1.1G (amino acids K17-R155). Band intensities were quantified with ImageQuant software by drawThese primers contain sequence encoding heart muscle kinase sites ing a 10 pixel wide line through the center of each band and integrat-(RRASV) and BamHI restriction sites flanking the squid sequence. ing the resulting peak's intensity. Because this assay was based on Products were cloned into the BamHI site of pET 15B. Other T1 direct sequencing, random PCR errors were not a problem. In no fusion proteins were made in an analogous manner except that case were "false" editing sites encountered while using plasmid expression constructs, which contained editing site point mutations, controls or genomic DNA as PCR template.
were substituted as template for PCR. All reactions used Pfu DNA polymerase. The integrity of all constructs was verified by sequencing.
Functional Expression in Xenopus Oocytes
The bacterial strain Bl21 DE3 (Novagen) was used to generate Constructs for functional channel expression were derived from the fusion proteins. His-tagged proteins were isolated from 100 ml culcDNA clone SqK v 1.1A (Chi 7-pBSTA; Rosenthal et al., 1996) . This tures induced with 1 mM IPTG, using Ni-Nitrilotriacetic acid (NTA) construct contains the SqK v 1A cDNA coding region cloned between Agarose (Qiagen) following the protocol supplied for denaturing the Xenopus ␤-globin 5Ј and 3Ј untranslated regions. To make a conditions. For refolding, the sample was dialyzed against many 1 non-edited version of this construct, PCR primers JR20 and JR22 liter changes of lysis buffer pH 8 (8 M Urea, 0.1M NaH 2 PO 4 , 10 mM were used to amplify SqK v 1.1 from genomic DNA. This product was Tris, pH8) for 2 hr at 4ЊC. Each change contained 1 M less Urea. cut with restriction enzymes NdeI and SpeI and cloned into the Changes were repeated until no Urea remained. Protein concentraequivalent sites of Chi7-pBSTA to make SqK v 1.1G. Mutations were tion was determined by a BCA assay (Pierce). The His-tag was introduced into SqK v 1.1G by using the Quik Change Site Directed removed from a portion of each protein preparation using the ThromMutagenesis kit (Stratagene) or by subcloning restriction fragments bin Cleavage Capture Kit (Novagen) according to supplied instrucfrom SqK v 1A. All mutants were verified by DNA sequencing. After tions. linearizing these plasmids with NotI, cRNA for oocyte expression was transcribed using the Message Machine Kit (Ambion). Oocytes were isolated and injected as previously described (Rosenthal et T1 Binding Assay al., 1996). Each oocyte was injected with 5 ng cRNA.
Although it contains numerous modifications, our binding assay is Channel currents were measured from oocytes 2 days after cRNA based on methods outlined in Xu and Li (1998). To synthesize probe, injection using the cut-open vaseline gap method (COVG) (Stefani the basic labeling reaction contained: 3 g thrombin cleaved fusion and Bezanilla, 1998). Analog signals were filtered at 1/10 th the samprotein, 12 l 10ϫ HKE buffer (in mM: 200 mM Tris, 10 mM DTT, pling rate, digitized with a PC44 board (Innovative Integration, Simi 1000 NaCl, 120 mM MgCl 2 , pH 7.8), 4 l heart muscle kinase (Sigma Valley, CA) and collected using software written in our lab. Linear P2645, resuspended in 40 mM DTT to a concentration of 10 U/l), leak currents, and membrane capacitive currents, were subtracted H 2 0 to a final volume of 120 l. The reaction was incubated at 37ЊC using a standard online P/4 procedure. To gain electrical access to for 90 min, diluted to 1 ml with dialysis buffer (in mM: 60 KCl, 10 the oocyte's interior, Nystatin (20 g/ml) was used instead of sapo-HEPES, 1 EDTA, pH 7.5), and dialyzed against 500 ml of the same nin. This practice greatly reduced problems with current rundown buffer (4 buffer changes over a 12 hr period). Specific activity was over the course of the experiment. To minimize errors caused by determined by a standard TCA precipitation and was routinely series resistance, oocytes expressing currents greater than 10 A 0.5-1 ϫ 10 6 CPM/pmol. at strong depolarizations were excluded from analysis. The largest The basic assay consisted of binding 7.5 g of His-tagged fusion series resistance errors were estimated to be less than 6 mV. Exterprotein to 20 l of Ni-NTA magnetic agarose beads (Qiagen) in 500 nal solution consisted of (in mM) 20 K ϩ -methansesulfonic acid l of binding buffer (in mM: 50 NaH 2 PO 4 , 300 NaCl, 20 Imidazole, (MES), 100 N-methyl glucamine (NMG)-MES, 2 CaCl 2 , 10 HEPES, pH 7.5) for 1 hr at room temperature. Using a magnetic stand, the pH 7.4. Internal solution contained 120 K ϩ -MES, 2 EGTA, 10 HEPES, beads were then washed once with 1 ml of binding buffer ϩ 0.005% pH 7.4.
Tween 20, and resuspended in 400 l interaction buffer (in mM: 50 Expression level studies were conducted using a Geneclamp NaH 2 PO 4 , 100 KCl, 20 Imidazole, 0.005% Tween 20, 0.2% BSA, pH 500B 2 electrode voltage clamp (Axon Instruments). Signal pro-7.5). Twenty microliters of 32 P-labeled probe was added and the cessing was performed as described above. Data were collected reaction was incubated for 2 hr at 4ЊC. Beads were then washed using Vclamp software (Rosenthal et al., 1996) . Electrodes were with 1 ml ice cold interaction buffer and probe-target complexes ‫6.0-3.0ف‬ M⍀. The external solution was the same as that used in the were eluted with 50 l of elution buffer (in mM: 50 NaH 2 PO 4 , 100 previous section. For all experiments using oocytes, the temperature KCl, 250 Imidazole, 0.005% Tween 20, 0.2% BSA, pH 7.5). Eluate was maintained at 20ЊC and oocytes were held at Ϫ80 mV. was then either analyzed by autoradiography following SDS-PAGE, or counted in a liquid scintillation counter. The Y36C fusion protein was not analyzed in the assay because it formed disulfide bonds Data Analysis under the above conditions. The g K versus voltage relationship was computed by measuring peak tail currents following test pulses to various potentials from a holding potential of Ϫ80 mV. These measurements were then Sucrose Gradients All sucrose solutions were made in gradient buffer (in mM: 50 normalized to the maximal value. Deactivation kinetics were measured by repolarizing the oocyte to various negative values following NaH 2 PO 4 , 100 NaCl, 10 HEPES, pH 7). Gradients, consisting of 27.5% to 7.5% sucrose in 2.5% steps, were made by layering 200 l of an activating pulse to ϩ50 mV for 10 ms. Tail currents were fit to a single exponential of the form y ϭ Aexp(Ϫ off /T) ϩ B where A is the each sucrose solution in a Beckman pollyallomer (cat #: 347357) ultracentrifuge tube. Gradients were then frozen and allowed to maximum amplitude, T is time, B is the baseline, and off is the time constant. To measure maximum g K for expression level studies, thaw. Once thawed, 20 g of each standard, and 30 g of the relevant T1 fusion protein, were layered on top. Ultracentrifugation oocytes were pulsed to Ն30 mV for 25 ms, and then returned to the
